A preparation of pure protoplasts of Geotrichum candidum became osmotically stable and colonies developed when the protoplasts were embedded in stabilizing thin-layer-agar and incubated with stabilizing basal medium. When growing protoplasts were exposed to distilled water and then reincubated with basal medium, the process of regeneration of protoplasts could be quantitatively demonstrated by counting colonies. The process was divided into three phases, lag, logarithmic, and stationary. Furthermore, the state of regeneration of protoplasts at each phase could be seen in detail by microscopic studies of protoplasts under similar growth conditions. In the lag phase, which lasted for 2 hr after inoculation, protoplasts were completely destroyed when placed in distilled water. During the logarithmic phase, from 2 to 5 hr after inoculation, protoplasts rapidly became osmotically stable and about 18% of them were growing. In the stationary phase, most protoplasts developed germ tubes within 2 hr. These results suggested that there are two main phases, although individual cells passed through three different conditions, osmotically labile, osmotically stable, and growing. No apparent structure of cell wall material could be detected by electron microscopy on the surface of the membrane of these osmotically stable cells.
The ability of protoplasts of Bacillus megaterium to grow (5, 23) and divide during growth (10, 11, 12) has been described, but regeneration of bacterial protoplasts into new, normal cells has not been demonstrated.
However, regeneration of yeast protoplasts into normal cells was very occasionally observed in earlier works (1, 4, 9, 13) .
Recently, there has been much discussion of whether fungal protoplasts can grow and regenerate (3, 7, 14, 20, 22) , and in Saccharomyces cerevisiae (15, 16, 17) and in Schizosaccharomyces pombe (18) , de novo formation of cell walls during regeneration of these protoplasts was clearly demonstrated in ultrathin sections.
This study demonstrated quantitatively the process of the regeneration of protoplasts of Geotrichum candidum; when placed in a certain environment, they became stable against osmotic shock and developed into colonies.
MATERIALS AND METHODS Organism, growth conditions, and harvesting. G. candidum was obtained from the Institute for Fermentation, Osaka, Japan and was maintained on Sabouraud's glucose-agar slopes at room temperature.
Organisms from the stock culture were inoculated into petri dishes containing the same medium, and these plates were incubated at 30 C for 48 hr.
Young hyphae were prepared by incubation at 30 C for 3 hr in 500-mi flasks containing 100 Thin-layer-agar plating method. Protoplast suspension (0.1 ml) and approximately 0.5 ml of stabilizing agar were mixed in plastic petri dishes floating on a water bath at 40 C and spread uniformly over the bottom of the dishes by means of a sterile, bent glass rod; then the dishes were kept at room temperature. To regenerate protoplasts, two incubation steps were used. First, stabilizing BGM was used, and, after lysis of osmotically fragile protoplasts with distilled water, BGM was employed alone in the second incubation. Onto the coagulated thin layer of agar (less than 1 mm thick) containing embedded protoplasts, 15 ml of stabilizing BGM was poured in the first step of the inoculation. Plates were incubated at 30 C for the required time. Each hour during incubation, five of these plates were taken out and the stabilizing BGM in them was replaced by sterile distilled water to lyse osmotically fragile protoplasts. After about 30 min, the distilled water was replaced by BGM. Then the plates were reincubated at 30 C overnight, and the amount of regeneration of protoplasts in the solid environment was determined by counting colonies.
Phase-contrast microscopy. The state of regeneration of protoplasts was observed by phase-contrast microscopy under similar growth conditions. Before and after destruction of protoplasts by distilled water, the number of stable or germinating protoplasts was counted.
Regeneration of protoplasts was also studied after incubation in stabilizing BGM at 30 C with gentle agitation. The number of osmotically stable or germinating protoplasts was counted under a phase-contrast microscope.
Electron microscopy. Protoplasts embedded in stabilizing agar were incubated with stabilizing BGM at 30 C for 5 hr. Blocks of agar were placed in distilled water to burst osmotically fragile protoplasts. These blocks were fixed for 2 hr in 6% glutaraldehyde in stabilizing CPBS and then postfixed in 1% osmium tetroxide overnight at 4 C. After fixation, dehydration was carried out with an ethyl alcohol series and by embedding in a mixture of methyl-and butyl-methacrylate monomers (4:6).
Sections were made with a Porter-Blum MT-2 ultramicrotome, and electron micrographs were made with a Hitachi, Type HU-11, electron microscope.
RESULTS
Purified protoplasts of G. candidum were osmotically hypersensitive; spherical bodies were observed under the phase-contrast microscope (Fig. 1B) . In electron micrographs of thin sections of protoplasts, no apparent cell wall materials could be observed on the surface (Fig. 6A ), as we previously reported (8) .
In quantitative studies on regeneration of protoplasts, the correlation between the number of colonies and the protoplast concentration was determined. For this estimation, 0.1 ml of twofold dilutions of 2.5 X 104 protoplasts/ml was embedded in thin layers of agar and incubated at 30 C with stabilizing BGM. Figure 2 As mentioned above, these protoplasts were hypersensitive to osmotic shock and were completely destroyed on treatment with distilled water for 3 min. However, when the protoplasts were embedded in a thin layer of stabilizing agar and treated with enriched medium, such as stabilizing BGM, they became resistant to low osmotic pressure and developed into colonies the next day.
When osmotically fragile protoplasts were treated with stabilizing BGM at 30 C, after a lag period of about two hr they became resistant to osmotic shock when exposed to distilled water (Fig. 3A) . The number of osmotically stable cells reached a maximum 5 hr after the treatment.
After incubations with stabilizing BGM at 0 C (Fig. 3D) , with stabilizing CPBS without nutrients at 30 C (Fig. 3C) , or with stabilizing BGM containing 10% snail gut juice at 30 C (Fig. 3E) , the protoplasts were completely destroyed by osmotic shock and did not produce colonies. However, when protoplasts were inoculated with stabilizing BGM containing 10% snail gut juice for 3 hr and, then, with stabilizing BGM only, they became resistant to osmotic shock after a lag period of 2 hr and developed into colonies (Fig. 3B) .
Furthermore, osmotically stable cells at the end of the logarithmic phase again became osmotically hypersensitive upon treatment with BGM containing 10% snail gut juice for 2 to 3 hr.
Phase-contrast microscopy. A similar experiment was done by direct observation of approximately 500 protoplasts once each hour under a phase-contrast microscope. When protoplasts were placed in stabilizing BGM, they became slightly swollen during the 2-hr lag period. As shown in Figure 4A , the number of osmotically stable cells increased following a curve identical to that in Figure 3A . On the other hand, germinating cells first became visible after 2 to 3 hr of incubation, but they were poorly resistant to distilled water (Fig. 4B) . The maximal number of osmotically stable cells was seen after 5 hr of incubation, whereas osmotically stable germinating cells represented about 18% of the total protoplasts at that time. The number of osmotically stable, germinating cells rapidly increased in the next hour and represented approximately 100% of the total after 7 hr (Fig. 4B) .
A single protoplast germinated after 6 hr ( Fig 5B) and divided into an original and first generation by a septum after 7.5 hr (Fig. SE) . After 8 hr, the second germ tube usually appeared at right angles to the first (Fig. 5F) , and, after 17 to 20 hours, the single protoplast had developed into a colony. Note that the original spherical body is still visible in the center of the colony (Fig. 5G, arrow) .
Electron microscopy. Our previous studies (8) demonstrated that the fine structure of the surface of the intact protoplasmic membrane consists of a unit membrane. Studies were made of the changes in the surface structure of osmotically stable cells after treatment with stabilizing BGM for 5 hr (Fig. 6B) and upon exposure to distilled water (Fig. 6C) . After being placed in BGM for 5 hr, the membranes of protoplasts appeared slightly more electron-dense than did those of intact protoplasts, but no particular structure could be seen on the surface (Fig. 6B) . On the surface of protoplasts incubated with stabilizing BGM and then exposed to distilled water for 30 min, a small amount of cytoplasm-like substance which might have leaked out through the membrane was observed (Fig. 6C arrows) . However, the nuclei, mitochondria, and ribosomes were well preserved (Fig. 6C) .
Other factors affecting regeneration of protoplasts. Regeneration of protoplasts could not be demonstrated in broth media, such as stabilizing BGM or medium containing 20% calf serum, and, in these media, protoplasts lysed within a few hours. After 24 hr, a few protoplasts showed irregular growth forms, similar to those reported by Gascon et (15, 16, 17) and Schizosaccharomyces pombe (18) .
In this study, the process of regeneration of protoplasts of G. candidum was divided into three phases (lag, logarithmic, and germinating phases) from results obtained by bursting protoplasts with distilled water at intervals during incubation and counting the colonies formed from the resulting mixture the next day. However, individual cells may occur in three conditions, osmotically labile, osmotically stable, and growing; all three conditions occur simultaneously in different proportions at various times during the logarithmic phase (the results of observation under the phase-contrast microscope). Hence, there are really two main phases, although in- dividual cells pass through three different con-phase, whereas these growing cells were resistant ditions.
to lysis by distilled water. No apparent new structure of a cell wall could Recently, the problem of whether yeast protobe detected on the surface of protoplasts in plasts are true protoplasts has been raised by ultrathin sections at the end of the logarithmic some workers (6, 19, 21) . Ottolenghi (19) 
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Fio. 6. Electron micrographs of protoplasts embedded In stabilizing 2% agar and incubated with stabilizing BGM for 5 hr at 30 C. A, intact protoplast; B, protoplast after 5 hr; C, protoplast incubated for 5 hr and then exposed to distilled water for 30 min. Symbols: N, nucleus; m, mitochondria; er, endoplasmic reticulum; arrows, cytoplasmic substances which might have leaked out on exposure to distilled water. X50,000.
